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Characteristics of the primary fragments produced in central collisions of 129Xe + natSn from
32 to 50 AMeV have been obtained. By using the correlation technique for the relative velocity
between light charged particles (LCP) and fragments, we were able to extract the multiplicities and
average kinetic energy of secondary evaporated LCP. We then reconstructed the size and excitation
energy of the primary fragments. For each bombarding energy a constant value of the excitation
energy per nucleon over the whole range of fragment charge has been found. This value saturates
at 3 AMeV for beam energies 39 AMeV and above. The corresponding secondary evaporated LCP
represent less than 40% of all produced particles and decreases down to 23% for 50 AMeV. The
experimental characteristics of the primary fragments are compared to the predictions of statistical
multifragmentation model (SMM) calculations. Reasonable agreement between the data and the
calculation has been found for any given incident energy. However SMM fails to reproduce the trend
of the excitation function of the primary fragment excitation energy and the amount of secondary
evaporated LCP’s.
PACS numbers: 25.70.Pq
I. INTRODUCTION
Multiple intermediate mass fragment (IMF) produc-
tion in central heavy-ion collisions is related to the prop-
erties of nuclear matter under extreme conditions. Many
different models have been proposed in order to explain
the observed fragment production, and both theoreti-
cally and experimentally the situation is not clear. Mod-
els with widely differing basic hypotheses can be equally
good at describing the same data such as charge distribu-
tions, mean energies and angular distributions. In order
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to gain further understanding it is therefore necessary to
have more detailed information on the multifragmenta-
tion process.
One aspect of the reactions for which different models
give very different predictions are the excitation energies
of what we will call from now on the ‘primary fragments’:
in other words the nuclei present around ∼100 fm/c af-
ter the collision, which are not necessarily the same as
those arriving in the detectors a few 10’s of ns later. In
Quantum Molecular Dynamics [1, 2, 3, 4] simulations or
Microcanonical Metropolis Monte-Carlo model [5] cal-
culations the primary fragments are rather cold i.e. they
are almost unaffected by subsequent secondary decays
and arrive unchanged in the detectors. In the former
case, the (lack of) excitation energy in the nascent frag-
ments is determined by the collision dynamics, whereas
in the latter case it is an assumption of the model when
calculating the statistical weights of the partitions. On
the other hand, Antisymmetrised Molecular Dynamics
[6, 7, 8] and Stochastic Mean Field [9, 10] simulations
2both predict moderately “hot” primary fragments in re-
actions around the Fermi energy, with E∗pr ∼ 2−3 AMeV
[11, 12, 13]. Finally, the Statistical Multifragmentation
Model (SMM) [14] and the microcanonical multifragmen-
tation model of [15, 16] allow primary fragments to be
excited, the actual value in any given calculation being
determined by energy conservation and the statistical
weight given by the associated level density parametri-
sation. This latter may or may not take into account
the level density limitation in isolated nuclei at high ex-
citation [17], equivalent to excluding from the primary
partitions levels with very short lifetimes or introducing
an effective limiting (maximum) temperature for hot nu-
clei [18, 19].
Our previous experimental work [20] has shown that
the reconstruction of the average size and excitation en-
ergy of the primary fragments is possible by means of
fragment-light charged particles (IMF-LCP) relative ve-
locity correlation functions. A constant value of the ex-
citation energy of the primary fragments has been de-
duced at about 3 AMeV for the Xe + Sn system at 50
AMeV. It was also possible to deduce the multiplicities of
the secondary particles evaporated by the primary frag-
ments. More recently analogous results and conclusions
have been obtained for central collisions of Kr + Nb at
45 AMeV [21]. An important question arises from these
studies : what is the evolution of the fragment excita-
tion energies and secondary LCP multiplicities as a func-
tion of incident energy ? The experimental answer to
this question may permit to distinguish between differ-
ent scenarios and assumptions made by different models.
It should give a strong test of the validity of some of their
basic hypotheses.
In this paper we extend the previous study [20] to a
wider incident energy range, from 32 to 50 AMeV for
central collisions of the Xe + Sn system measured with
the 4pi INDRA detector [22, 23, 24]. Excitation func-
tions for the fragment excitation energy and the fraction
of secondary emitted LCP correlated to the fragments
will be shown. We will give in section 2 a brief descrip-
tion of the detector, the way we select the events and an
overview of the fragment production. We will describe
in section 3 the method employed to extract the LCP’s
correlated to each fragment. The method used for the
decorrelation in this work is different from the previous
one [20] but gives almost the same results. The experi-
mental results are then given in section 4. In section 5
a comparison of the deduced primary excitation energy
and secondary LCP multiplicities to SMM calculations is
given. We then discuss the results in section 6.
II. EXPERIMENT
A. Experimental set-up
The experiment was performed at GANIL with the
multidetector INDRA [22, 23, 24]. This charged product
detector covers about 90% of the 4pi solid angle. The
total number of detection cells is 336 arranged according
to 17 rings centred on the beam axis. The first ring (2o-
3o) is made of fast NE102/NE115 phoswich detectors.
Rings 2 to 9 cover the angular range from 3o to 45o and
are made of three detector layers : a low pressure gas-
ionisation chamber, a 300 µm thick silicon detector and
a 14 to 10 cm thick CsI(Tl) scintillator. The remaining 8
rings cover the angular range from 45o to 176o and have
two detection layers : ionisation chamber and 7.6 to 5
cm thick CsI(Tl) scintillators. For the studied system
Xe + Sn, fragments with Z up to 54 are identified in
the forward region. Beyond 45o, the charge resolution is
one unit up to Z=16 and few charges above. Over the
whole angular range, a very good isotope identification
is obtained for Z=1 to Z=3, except for particles with low
energies where ambiguities are unresolved.
The energy calibration of the CsI(Tl) scintillators was
obtained for light charged particles (LCP) by means of
the elastic and inelastic scattering of secondary LCP
beams (p, d, t,3He,4He) produced by the fragmentation
of a 95 AMeV 16O beam on a thick C target. These
particles were then momentum selected by the “alpha
magnetic spectrometer” of GANIL and scattered in a C
or Ta target installed in the INDRA reaction chamber.
For Z ≥ 3 fragments, the energy calibration was made
by using the ∆E/E technique. A typical energy reso-
lution was about 4%. The energy threshold was a few
100 keV for light particles, 0.7 AMeV for Z=3 and 1.4
AMeV for Z=35. A complete technical description of IN-
DRA, its calibration and its electronics can be found in
[22, 23, 24, 25, 26, 27].
B. Selection of central collisions
Two selections have been made to isolate central colli-
sions. The first one is the requirement of quasi-complete
events by accepting in the off-line analysis only events
having total detected charge (Ztot) ≥ 80% of the initial
total charge of the system. The second is the use of the
flow angle (θflow) selection [28]. This angle is a global ob-
servable defined as the angle between the beam axis and
the main direction of emission of matter in each event
as determined by the energy tensor calculated from frag-
ment (Z ≥ 3) c.m. momenta [29]. It has been shown for
heavy ion reactions in the Fermi energy range [28, 30, 31]
that events with small θflow are dominated by binary dis-
sipative collisions. On the other hand events with little or
no memory of the entrance channel should be isotropic,
thus favouring large θflow (P (θflow) ∼ sin θflow). Quasi-
complete events having θflow ≥ 45◦ for 50 AMeV bom-
barding energy and θflow ≥ 60◦ for the three other sys-
tems correspond to an isotropic emission of the IMF in
the centre of mass of the whole system. These events
are compatible with decay of a compact object which
could take place after fast emission of a direct light par-
ticle component. Indeed the velocity of the fragments
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FIG. 1: Charge distributions of fragments produced in central
collisions of Xe + Sn at 4 incident energies: 32, 39, 45 and 50
AMeV.
are evenly distributed around the centre of mass veloc-
ity [32]. By taking into account the detection efficiency
and other biases due to the selection we have estimated
the cross sections for ‘isotropic central collisions’ to de-
crease from 115±20 mb at 32 AMeV to 85±10 mb at
50 AMeV. More details about this event selection for Xe
+ Sn collisions at 32–50 AMeV incident energy and the
extraction of the cross sections can be found in [32].
C. Overview of fragment production in central
collisions
Before determining the characteristics of the frag-
ments, let us first show an overview of their production in
central collisions of Xe + Sn from 32 to 50 AMeV. Figure
1 shows their charge distributions normalised to the num-
ber of events so that the four bombarding energies can be
compared. The production of small fragments (Z ≤ 10)
increases with incident energy. For the charge range 10
to 15 the four distributions exhibit a kind of “plateau”.
In this range the fragment production rates are roughly
equivalent whatever the incident energy is. Finally the
charge distributions evolve from a broad shape at lower
incident energy, where residues up to the size of the pro-
jectile are observed, toward an almost exponential form
at 50 AMeV, favouring the production of lighter frag-
ments. Moreover figure 2, where the distributions of the
heaviest fragment in the event are shown, confirms this
behaviour. Here again the distribution at 32 AMeV is
very broad, its average value is < Zmax >= 25, it de-
creases to smaller < Zmax >= 15 at 50 AMeV. It is
important to notice that, even with this strong evolution
in the charge distribution, the mean fragment multiplic-
ity does not change too much with the incident energy.
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FIG. 2: Charge distributions of the heaviest fragment per
event produced in central collisions of Xe + Sn at 4 incident
energies: 32, 39, 45 and 50 AMeV.
It evolves from 5 to 7 fragments with Z ≥ 3 only.
Concerning the kinematic characteristics of the frag-
ments, figure 3 shows an example of the fragment angle-
integrated centre of mass kinetic energy spectra for Li, O
and P nuclei produced in central collisions of Xe + Sn at
32 and 50 AMeV. The distributions are broad; they are
broader for the heavier elements. Comparing the spectra
obtained at 32 and 50 AMeV, we observe easily that their
shape, in particular the slopes of their exponential tails,
are different. The distributions are broader and harder
at 50 than at 32 AMeV.
We finally present in figure 4, for the four incident en-
ergies, the mean centre of mass kinetic energy of the frag-
ments as a function of their atomic number. It increases
with the charge Z and then saturates beyond Z = 15.
It also increases with the bombarding energy but very
little. We wondered whether this observation is true for
central collisions in general, or is rather dependent on
our selection. In fact it is the mean kinetic energy of the
heaviest fragment which “saturates” while that of the
other fragments increases monotonously with Z. The
θflow selection we use is derived from fragment kinetic
properties and therefore its effect on observables such as
e.g. fragment energies and angular distributions must be
taken into account in events selected in this way. Nev-
ertheless this selection has little influence on the study
of individual fragment characteristics such as excitation
energy and secondary decay, whatever the mechanism of
their formation.
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FIG. 3: Angle-integrated centre of mass kinetic energy spectra
of Li, O and P produced in central collisions of Xe + Sn at
32 and 50 AMeV.
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FIG. 4: Mean centre of mass kinetic energy of the fragments
produced in central collisions (θflow selection, see text) of Xe
+ Sn at 4 incident energies: 32, 39, 45 and 50 AMeV as a
function of their atomic number. The statistical error bars
are shown.
III. EXTRACTION OF SECONDARY
EVAPORATED LIGHT CHARGED PARTICLES
The main aim of this work is to extract the intrinsic
properties of the fragments independently of the mecha-
nism responsible for their formation. Are they excited ?
If so what are the associated LCP evaporated from the
parents ? Reconstructing the primary fragments assumes
that we are able experimentally to isolate the secondary
contribution. This is possible if the fragments formed are
not too excited, so that the time scale associated with
their decay is much greater than the time scale of their
production. The origin of the fragments is still an open
question but is not the subject of this paper.
A. Correlation functions
In the previous section it was shown that on average
about 6 fragments are produced in central collisions of
Xe + Sn at different energies. However the production
of LCP is much more important, on average their num-
ber reaches 28 particles for the 50 AMeV beam energy.
There are at least three different stages to produce these
particles : i) in the early stage of the collision, in this
case we call them primary particles; ii) at the same time
as the formation of the fragments; iii) they can be emit-
ted from the excited primary fragments, we call those the
secondary particles. Correlation functions are a powerful
tool for extracting small signals. This is the method we
used to extract, on the average, the LCP emitted from
each fragment. With the help of simulations we have
developed a correlation technique to extract possible sig-
nals [11, 20, 33].
Figure 5 shows the relative velocity distributions : i)
for P-α pairs taken from the same events, ii) for the un-
correlated events obtained by taking the fragment from a
given event and the light particle from another event, iii)
the correlation function defined as the ratio of the cor-
related and uncorrelated relative velocity distributions,
iv) the difference correlation function defined as the dif-
ference between the correlated and uncorrelated distri-
butions. In this work to decorrelate the relative velocity
between the fragment and the LCP pairs we used the
event mixing procedure [34]. In this example, for each
phosphorus found in an event having a number of alphas
Na we take randomly Na alphas emitted in Na other
events.
This technique is different from the one reported in
ref. [20] where Li nuclei were used to decorrelate the
events. The problem with such a technique is that the Li
can be the product of the known resonance of 7Be which
decays to 6Li + p and increases the background, thus
decreasing the yield of true correlated protons. However
the final result is almost the same (within the error bars)
as the old method of decorrelation of events based on Li.
As we can see, the example presented in figure 5, ex-
hibits a bump around 2.5 cm/ns relative velocity in the
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FIG. 5: Relative velocity spectra of P-α pairs observed for the
Xe+Sn system at 32 AMeV. Top-left hand panel corresponds
to the correlated events, top-right hand panel the uncorre-
lated events (mixed events), bottom-left hand panel the cor-
relation function and bottom-right panel shows the difference
function.
correlation function and difference function which may
be related to the evaporation of an α particle from a
parent of phosphorus. The behaviour of this correlation
encourages us to make such an analysis. However it is
necessary to simulate the background in order to extract
the signal.
B. Simulation of the background shape
The objective of this simulation is not to reproduce
the data, it is more to have an idea about the shape
of the background. We used a modified version of the
SIMON event generator [35] to simulate a scenario de-
duced from BNV [36] calculations. Two steps are as-
sumed in these simulations. The first step is the cool-
ing of the initial fused system through a sequential light
particles (LP) emission process (primary LP), the sec-
ond is the fragmentation of the smaller remaining source
where the remaining excitation energy is shared between
a fixed number of primary fragments (typically 6 to 7
fragments). Then the primary fragments decay sequen-
tially while moving apart under Coulomb forces plus an
initial radial velocity. This simulation reproduces reason-
ably well the global experimental features. In particular
the kinematic observables are well reproduced (see for
example ref. [30].)
The calculated relative velocities are shown in Figure
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FIG. 6: Relative velocity spectra of Mg-p pairs simulated for
the Xe+Sn system at 32 AMeV. (a)For correlated events: to-
tal spectrum (thick histogram), contribution of primary emis-
sion (dotted histograms, high energy contribution), secondary
emission from primary fragments which produce Mg nuclei
(hatched-dashed) and do not produce the considered fragment
(dashed histograms). (b)For uncorrelated events. (c) The cor-
relation function (continuous histogram), the real background
(dashed histogram) and the contribution from the secondary
emission from the parents of the Mg fragments (hatched area)
are shown. (d) The difference function is shown here. The
notations are similar to (c).
6.a (thick lines) for Mg-p pairs and for input parameters
which reproduce data for the 32 AMeV Xe + Sn central
collisions. Since in this version of SIMON we know which
particle is emitted from which fragment, we plotted in the
same figure the different contributions : the primary con-
tribution (dotted histogram) that we call contribution 1,
the evaporated protons from all other fragments except
the parents of magnesium (dashed histogram) that we
call contribution 2 and finally the protons emitted from
the parents of detected magnesium fragments (hatched-
dashed histogram) called contribution 3. As expected,
the latter contribution is very small, it represents the
protons truly correlated to the magnesium nucleus that
we must extract from the data. Figure 6.b shows the un-
correlated relative velocity for Mg-p pairs reconstructed
by mixing the calculated events. Figure 6.c and 6.d show
the Mg-p correlation function (the ratio of the correlated
and uncorrelated relative velocity distributions of fig.6.a
and fig.6.b) and the difference function (the difference of
the latter distributions), respectively. In the same figures
are plotted the associated true backgrounds (dashed his-
tograms) calculated by dividing (subtracting) the sum of
contributions 1 and 2 by the uncorrelated distribution (of
6fig.6.b). The hatched areas represent the contribution of
secondary emission from the parents of magnesium (con-
tribution 3). The shape of the background shown in fig-
ure 6.c is well fitted by the function :
R(Vrel) = A−
1
BVrel + C
(1)
where A, B and C are parameters which differ for each
fragment-LCP pair. In fact only 3 coordinates are needed
to solve this equation, we then used particular points
from figure 6.d to do so. The first one corresponds to
the first point at which the difference function is equal to
zero (at small relative velocity). The second point used is
the local minimum seen at small relative velocity (around
2.5 cm/ns) in the difference function (fig.6.d) which cor-
responds to the minimum relative velocity allowed by the
Coulomb barrier. The third one corresponds to the first
point where the difference function is equal to zero just
after the second minimum, in this region the secondary
evaporation vanishes.
In order to validate the method employed to estimate
the background several tests have been made. We sum-
marize the two most important tests that we already re-
ported in ref. [30]:
a) We compared the number of protons deduced
by subtracting from the difference function (6.d) the
real background and the background evaluated by the
parametrisation of (Eq.1). We recover 91% of the evap-
orated protons from Mg and 84% of evaporated protons
from all prefragments.
b) The second check is related to the possible upper
limit of the method. We performed SIMON simulations
assuming higher excitation energies in the primary frag-
ments. For 7.5 AMeV excitation energies we recovered
81% of evaporated protons. This result indicates that
the fraction of all evaporated protons recovered by this
method is rather insensitive to the excitation energies of
the primary fragments.
Because the experimental shape of the correlation
function as well as the difference function (Fig.5) have
the same behaviour as those in our simulation, we applied
the same method to the experimental data to remove the
background. From this simulation and method developed
above we are able to isolate the LCP evaporated by the
primary fragments.
C. Application to the data
Figure 7 shows the experimental correlation function,
the difference function and the velocity distribution of α
correlated to phosphorus fragments for the central colli-
sions of Xe + Sn at 32 AMeV. In the same figure are plot-
ted the corresponding background calculated with Eq.1
by using three points taken from the experimental dis-
tributions as described in the above section. Therefore
the α velocity spectrum is deduced by subtracting the
background (the curve in fig.7 upper right panel ) from
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FIG. 7: P-α correlation measured in central collisions of
Xe+Sn at 32 AMeV. (a) correlation function. (b) difference
function. (c) velocity spectrum of alphas in the centre of mass
of the Phosphorus fragment, obtained from the subtraction of
the difference function (data point in b) and the background
(dashed line in b).
the difference function. This contribution represents the
spectrum of α particles emitted by the parent of P frag-
ment. From the mean value of the distribution we can
deduce the average kinetic energy of alpha. Its integral
normalised to the total number of phosphorus nuclei pro-
vides the average multiplicity of α particles evaporated
from parents of P fragments.
The uncertainties of the extracted quantities are
mainly related to the uncertainty of taking the three
points which define the background. In practice the first
minimum in the difference function is easy to locate: the
corresponding error is small (see fig.7.b). The two other
points are more difficult to extract, with the possibility of
significant uncertainties. We then decided to take inter-
vals around each point which are divided into a number
of bins. Considering all possible combinations of one bin
in the first interval and another in the second leads to a
distribution of multiplicities. This distribution has a nar-
row gaussian shape. We then consider the mean value of
this distribution as the average multiplicity and its half-
width as the error due to the method.
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FIG. 8: Average secondary multiplicities per fragment of
the evaporated p, d, t,3He and α particles as a function of
the atomic number of the fragments for central collisions of
Xe+Sn at 32, 39, 45 and 50 AMeV. The error bars correspond
to the error due to the background extraction method.
IV. EXPERIMENTAL RESULTS
A. Average multiplicities and kinetic energies of
the LCP correlated to the fragments
We applied the method described above for all
fragment-LCP pairs made by combining LCP isotopes
(p, d, t,3He and α) and a range of fragments emitted in
central collisions between Xe and Sn at four incident en-
ergies, 32, 39, 45 and 50 AMeV. However due to a small
cross section for heavy fragment production which im-
plies a low statistics (see figs. 1 and 2) we performed
these analyses for a limited range of fragment charges de-
pending on the beam energy. Thus the maximum frag-
ment charge we studied at 32 AMeV was 30, 27 at 39
AMeV, 22 at 45 AMeV and 20 for 50 AMeV. The ex-
tracted average LCP multiplicities and their average ki-
netic energy are given in figures 8 and 9 as a function
of the charge, ZIMF , of the detected fragments and for
the four bombarding energies. The average multiplici-
ties increase with the fragment size. The multiplicities
are low and do not exceed a value of 1.5 which implies
that the excitation energy of the corresponding primary
fragments is moderate. For a given light charged parti-
cle, the multiplicity seems not to change with the beam
energy. From the spectra of the LCP evaporated from
the parents of the detected fragments we can extract the
mean kinetic energy. This is shown in figure 9. It in-
creases slightly with the charge of the fragment for the
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FIG. 9: Fragment centre of mass average kinetic energy
of the secondary evaporated p, d, t,3He and α particles as a
function of the atomic number of the fragments for central
collisions of Xe+Sn at 32, 39, 45 and 50 AMeV.
four incident energies and in particular for proton and al-
pha particles. Notice that the kinetic energies of 3He are
high compared to the values of the other particles. The
observed effect may be due to the higher identification
threshold energy for 3He.
B. Reconstruction of the size and excitation
energy of the primary fragments
To reconstruct the charge of the primary fragments we
used the LCP multiplicities correlated to each fragment
as described in the last paragraph. Therefore the average
charge of the primary fragment, < Zpr >, is given by the
sum of the detected fragment and all evaporated LCP’s
charge weighted by their corresponding multiplicities. <
Zpr > is then given by the relationship :
< Zpr >= ZIMF +
∑
zi < Mi > (2)
where ZIMF is the detected fragment charge, zi and <
Mi > are the charge and the average multiplicity of the
evaporated particle i = p, d, t,3He and α.
In order to reconstruct the mass of the primary frag-
ments, a quantity needed to deduce the excitation energy,
we made two extreme assumptions : the first one is that
the primary fragments are produced in the valley of sta-
bility, the second assumes that they are produced with
the same N/Z ratio as the composite initial system (N/Z
conservation assumption). However, as mentioned above
8the INDRA detector does not resolve the fragment iso-
topes, we therefore made an additional assumption which
supposes that the Z-identified detected fragments have a
mass corresponding to their valley of stability isotope. In
the framework of these assumptions we deduce from the
primary fragment masses the number of neutrons evapo-
rated from the primary fragments.
Figures 10 and 11 show the result of this reconstruc-
tion for the four incident energies. The values of the pri-
mary charge (fig.10, upper panel) obtained vary from 1
to 5 charge units larger than the detected fragment. The
mass of the primary fragment depends on the assumption
(fig.10, down panel). The average neutron multiplicities
are deduced from the mass conservation, knowing the
mass of the primary fragment, the detected fragment and
the mass of the secondary light charged particle contri-
bution. Figure 11 shows for the two assumptions the
evolution of the number of neutrons for the four systems
as a function of the deduced primary fragment atomic
number. Whatever the beam energy, the multiplicity of
neutrons reaches quite high values, up to 7 neutrons for
the N/Z ratio conservation assumption. This is due to
our assumption that detected fragments have their val-
ley of stability mass. Clearly, when we also assume that
the primary fragments are produced in the valley of sta-
bility, the deduced neutron multiplicity cannot be very
high. Conversely, imposing an N/Z of 1.39 for nuclei with
Z = 3-30 means that primary fragments have large neu-
tron excess compared to the (valley of stability) detected
fragments.
At this stage, the calorimetric procedure can be ap-
plied to reconstruct the average excitation energy of the
primary fragments (< E∗pr >). It is given by the rela-
tionship :
< E∗pr >=
∑
< MLCP >< ELCP > + < Mn >< En > −Q
(3)
where < ELCP > and < En > are the average kinetic
energies in the frame of the source (fragment) of the mea-
sured evaporated LCP’s and the deduced neutrons with
the average multiplicity < Mn >. The neutron kinetic
energy < En > is taken as the proton kinetic energy mi-
nus the proton Coulomb barrier. Q is the mass balance
of the reaction.
Figure 12 shows the result of this procedure for the
two scenarios and at the four bombarding energies. As
expected from the deduced multiplicities (see paragraph
IVA), the excitation energy increases with the size of
the primary fragment for all bombarding energies and for
the two assumptions. However, for the 32 AMeV system,
< E∗pr > seems to saturate for the heavier fragments. We
could wonder if this is due to limitations of the method.
However, as we already mentioned in paragraph III B,
simulations have been performed at much higher excita-
tion energy into the primary fragments showing that we
recover more than 80% of the evaporated protons.
To decide between the scenarios for primary fragment
mass, valley of stability or with the N/Z conservation
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FIG. 10: The reconstructed charge and mass of the primary
fragments as a function of the atomic number/mass of the
detected fragments for central collisions of Xe+Sn at 32, 39,
45 and 50 AMeV. Two assumptions to reconstruct the masses
are given: the open triangles correspond to the valley of sta-
bility case the black triangles represent the N/Z conservation
hypothesis. (see text).
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FIG. 12: Average excitation energy of the primary fragments
as a function of their atomic number for the central collisions
of Xe+Sn at 32, 39, 45 and 50 AMeV. Left panels: the pri-
mary fragments have the same N/Z as the combined system.
Right panels: the fragments are produced in the valley of
stability.
assumption, extensive statistical calculations have been
performed using the GEMINI [37] code, for the 50 AMeV
system. In these calculations the input to the code was
the experimental deduced primary charge, the fragment
masses with the two assumptions and the associated ex-
citation energies. The comparison to the experimental
LCP multiplicities and kinetic energies suggests that the
N/Z conservation assumption is the most reasonable sce-
nario. Details of these calculations are given in ref. [20].
The linear trend of the < E∗pr > with the primary
charge indicates that the average excitation energy per
nucleon, < e∗pr > in MeV/nucleon, is constant whatever
the size of the primary fragment. In figure 13 we verified
the latter characteristic by plotting this variable. The
horizontal lines in this figure represent the average over
the whole set of primary fragments. Besides a few small
charges the data points, within the error bars, lie on this
straight horizontal line. Figure 14 shows the evolution of
this value as a function of the bombarding energy. The
vertical bars are the standard deviations from the mean
values. They are small and do not exceed 1 AMeV, which
supports the constancy of the value of < e∗pr >. For
the N/Z conservation assumption the excitation energy
per nucleon increases from 2.2 AMeV at 32 AMeV and
saturates at 3 AMeV beyond 39 AMeV. For the valley
of stability assumption, < e∗pr > saturates also but at
a lower value. The constancy of the fragment excita-
tion energy per nucleon, < e∗pr > for different fragment
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FIG. 13: Average excitation energy per nucleon of the pri-
mary fragments as a function of their atomic number for the
central collisions of Xe+Sn at 32, 39, 45 and 50 AMeV. The
horizontal lines represents the average value of the whole set
of the primary fragments. Left panels: the primary fragments
have the same N/Z as the combined system. Right panels: the
fragments are produced in the valley of stability. The vertical
bars indicate errors due to the method.
masses, seen in figure 13 has been interpreted in [20] as
meaning that, on the average, thermodynamical equilib-
rium was achieved at the disassembly stage of the system.
Only one bombarding energy (50 AMeV) was available
in the previous work. On the other hand the saturation
of < e∗pr > beyond 39 AMeV beam energy (fig.14) may
indicate that the fragments reach their excitation energy
limit (or limiting temperature) [18, 19].
C. Proportion of the evaporated light charged
particles
In paragraph IVA we have extracted the average mul-
tiplicities of the secondary evaporated light charged par-
ticles for a given fragment. It is interesting to use this
information in order to study the characteristics of the
multifragmentation events. Indeed the LCP multiplicity
per event can be another pertinent observable. Table I
shows the secondary LCP multiplicities per event, the to-
tal LCP measured per event and the ratio of both quan-
tities, for the four beam energies. The secondary LCP
multiplicities per event are defined as the sum of the sec-
ondary evaporated LCP’s per fragment, extracted by the
method described above, weighted by the measured frag-
ment multiplicity per event, MIMF . These values are
plotted in figure 15 as a function of the beam energy.
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black and open triangles correspond to the primary fragments
having the same N/Z as the combined system, and produced
in the valley of stability respectively. The error bars corre-
spond to the standard deviation from the mean values.
The fraction of helium isotopes evaporated in the de-
cay of the primary fragments is higher than for those of
hydrogen. This difference is more pronounced at lower
beam energy. We observe also that the maximum propor-
tion of evaporated particles does not exceed on the aver-
age 35% of the total number of produced light charged
particles. The proportion of secondary particles increases
between 32 and 39 AMeV, which reflects the increas-
ing of the excitation energy of the primary fragments as
it is seen in figure 14. Then this fraction decreases for
higher incident energies, it reaches 23% at 50 AMeV,
while < e∗pr > saturates.
It should be noticed that the proportion of the sec-
ondary evaporated particles given is a lower limit, be-
cause we did not consider the contribution that can orig-
inate from the decay of unstable nuclei [38] such as 8Be,
5Li etc. and the decay of short-lived excited sates. We
finally have to stress that the results we obtained with
the method described above are given on the average.
V. COMPARISON WITH A STATISTICAL
MODEL
An application of the experimental estimation of this
secondary statistical component is to constrain the statis-
tical multifragmentation models [5, 14, 15, 16, 39, 40, 41].
The comparison of the extracted quantities with these
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FIG. 15: The ratios of the multiplicities per event of the sec-
ondary particles evaporated by the primary fragments to the
total emitted LCP vs the beam energy for the Xe + Sn central
collisions.
models provides a crucial test of some of their basic
assumptions. Since in the MMMC [5] model the pri-
mary fragments undergo instantaneous decay with neu-
tron emission only, it can not be used for comparison
with the data.
We have chosen to compare our data, with more de-
tails, to the SMM model using input source parame-
ters very close to the ones already optimised in previ-
ous works [32, 42, 43]. As shown there SMM provides
a very good description of experimental fragment parti-
tions. In the present paper we aim to analyse the gen-
eral behaviour of excitation energy of primary fragments,
therefore, for simplicity, the size of the initial source has
been fixed to be Z=83 and A=198 for the four incident
energies. This corresponds to N/Z = 1.39 which is the
same ratio as the initial system. This choice is justified
by some dynamical calculations of source parameters in
this energy range [44, 45]. Although the N/Z ratio of
the SMM primary fragments increases slightly with in-
creasing Z of the fragments, it remains very close to the
N/Z ratio of the initial source [46]. Therefore we will
compare the results of these calculations to the extracted
experimental results using the N/Z conservation hypoth-
esis. The freeze-out volume has been fixed to three times
the normal volume. Finally for each incident energy we
used the excitation energy of the initial source as a free
parameter. The thermal excitation energy values which
reproduce best the charge distributions of the detected
fragments are given in table II.
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Einc.
1H 2H 3H 3He 4He Z = 1 Z = 2 Z = 1&2
32 Mev. 0.97 0.83 0.71 0.12 3.09 2.51 3.21 5.72
Mtot 5.98 2.85 1.84 0.38 7.36 10.67 7.88 18.55
Pev. (%) 16.22 29.12 38.59 31.58 41.98 23.52 40.74 30.84
39 Mev. 1.73 0.92 1.1 0.18 4 3.75 4.18 7.93
Mtot 7.16 3.3 2.45 0.55 8.6 12.91 9.15 22.06
Pev. (%) 24.22 27.95 44.69 32.36 46.49 29.06 45.64 35.94
45 Mev. 1.68 1.21 1.01 0.24 3.2 3.91 3.44 7.35
Mtot 7.82 3.85 2.93 0.72 9.39 14.6 10.11 24.71
Pev. (%) 21.48 31.51 34.61 33.89 34.04 26.76 34.03 29.73
50 Mev. 1.42 0.98 1.01 0.34 2.6 3.41 2.94 6.34
Mtot 8.37 4.35 3.3 0.89 10.1 16.02 10.99 27.01
Pev. (%) 16.99 22.51 30.45 37.98 25.71 21.26 26.71 23.48
TABLE I: Xe+Sn, central collisions : mean multiplicities of evaporated particles per event. For each energy and particle, Mev.
is the multiplicity of evaporated particles, Mtot the total multiplicity, Mev./Mtot the percentage of evaporated particles.
A. Characteristics of the primary fragments
We have used a version of SMM where we have ac-
cess to the freeze-out configuration, i.e. to primary
fragments’ characteristics before secondary decay and
Coulomb propagation. This standard version is described
in [14].
The results of the SMM calculation, extracted directly
from the freeze-out volume, are compared to the data
in figure 16. The excitation energy of the primary frag-
ments are globally well reproduced for the four incident
energies.
Small deviations are, however, observed for large pri-
mary fragment charges in particular for the 32 AMeV
case. The experimental saturation of the excitation en-
ergy is not reproduced. Quantitative comparisons with
the experimental excitation energy per nucleon averaged
over the charge range of the measured fragments, are
presented in table II.
Beam Energy (AMeV) 32 39 45 50
Thermal excitation energy 5. 6. 6.5 7.
〈E∗/A〉exp. (MeV) 2.26 3.02 3.26 3.13
〈E∗/A〉
SMM
(MeV) 2.97 3.26 3.39 3.55
TABLE II: Thermal excitation energies in AMeV used in
SMM simulations. Experimental and calculated average exci-
tation energies of the primary fragments produced in central
collisions of Xe+Sn at 4 incident energies.
The values of the calculated < e∗pr > show smooth
increase with the beam energy while the data seems to
saturate at 3 AMeV above 39 A.MeV.
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FIG. 16: Average excitation energy of the primary fragments
as a function of their atomic number for the central collisions
of Xe+Sn at 32, 39, 45 and 50 AMeV. The primary fragments
are assumed to have same N/Z ratio as the combined system.
The symbols present the data and curves SMM calculation.
B. Evaporated light charged particles
The contribution of the secondary evaporated LCP re-
flects the excitation energy of the primary fragments dis-
cussed in the previous paragraph. How do the small dif-
ferences between the data and the calculation for the ex-
citation energy affect the predicted LCP multiplicities ?
We compare in figure 17 the charge contribution of total
evaporated LCP resulting from SMM to the data.
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FIG. 17: Total charge contributions of secondary evaporated
particles and LCP produced at the freeze-out as a function of
the beam energy. The symbols represent the central collisions
of Xe + Sn data, evaporative part of SMM calculations is
presented by histogram and the freeze-out contribution by
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The values extracted from the calculation are of the
same order of magnitude as the experimental ones. How-
ever the trend is not reproduced, SMM overestimates the
evaporative contribution.
At 32 AMeV, the discrepancy can be due to the lim-
ited charge range considered experimentally. Indeed, due
to low statistics as we already mentioned, we do not take
into account evaporation from heavier fragments, which
are however more excited than lighter ones. To check
this point we extracted the total evaporated particles by
using the correlation functions of reduced velocities in-
stead of the relative velocities ( Vred = Vrel/
√
Z1 + Z2).
This variable has the advantage to eliminate the charge
dependence of the fragment-LCP relative velocity corre-
lation functions [47]. By doing this procedure, taking all
fragments into account, the total charge of evaporated
particles increases significantly to be in agreement with
the calculated value for the 32 AMeV case.
For the 50 AMeV case, where the limitation in the
charge range is more important than for the other beam
energies, the evaporated contribution changes very little
and fails to increase the value of total evaporated charge
from ZLCP = 9 to ZLCP = 14 predicted by SMM (fig.
17).
The discrepancy is real, though, partly, it is caused
by the thermal source size, which should decrease with
the beam energy. The SMM calculations do predict the
decrease of the number of evaporated LCP, because of
decreasing size and number of IMF at very large excita-
tion energies, in the “falling” part of the “rise and fall”
of multifragmentation. However, in the experiment this
effect is observed when the maximum of multifragmen-
tation is not yet reached. In the calculations this be-
haviour takes place because the number of evaporated
alpha particles increases, contrary to the experimental
result. This could be a consequence of the secondary de-
excitation prescription employed in SMM [41]. An other
possible reason would be an overexcitation of light pri-
mary IMF’s predicted by SMM. The decay of these IMF’s
contributes considerably into LCP production and their
share increases with the thermal energy.
The decrease of the experimental evaporated compo-
nent ZLCP at high energy could be alternatively under-
stood if we consider the increasing effect of the collision
dynamics. The direct emission of LCP increases with
the incident energy while the proportion of the thermal
contribution decreases. This could be mocked up in the
SMM calculations by decreasing the thermal source size,
but can in no case be predicted by SMM.
It is worth noting the contribution of light charged
particles produced at freeze-out as predicted by SMM.
Figure 17 shows that this contribution increases with the
beam energy more rapidly than that of the evaporated
particles.
VI. DISCUSSION OF RESULTS
In this work we have directly measured the satura-
tion of the thermal excitation energy deposited in frag-
ments produced in central heavy-ion collisions between
32 and 50 AMeV, by associating with each detected cold
fragment the light charged particles evaporated by the
primary excited parent nucleus. This saturation at ex-
citation energies of around 3 AMeV observed in section
III (see figure 14) is accompanied by a saturation of the
number of evaporated LCP, that leads to a decrease in
the proportion of evaporated to all detected LCP, with
increasing incident energy (see figure 15 or figure 17).
A similar saturation has been observed in an earlier
work by Jiang et al.[48] using a completely different ex-
perimental method, based on the measurement of neu-
tron multiplicities. The authors claimed the saturation
of the thermal energy deposited in hot nuclei formed in
collisions of Ar + Au and Ar + Th in the energy range
27-77 AMeV. Their claim was based on the observation of
a saturation of the multiplicity of evaporated neutrons,
as well as that of the light charged particles detected
in coincidence at backward angles, in central collisions
at increasing beam energies. The neutron multiplicity
saturates for the system Ar + Th around 30 AMeV at
< Mn >= 35. Let us note in passing that we estimate the
neutron multiplicity per event evaporated by the system
Xe + Sn to be < Mn >= 23 at 39 AMeV.
In [48] the authors concluded that the observed satu-
ration was due to the increasing inefficiency of the reac-
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tion mechanism to deposit thermal energy in to the hot
nuclei it produced, rather than it being related to reach-
ing the limits of excitation energy or temperature that
a nucleus may support. In discussing the results of the
present work we must ask ourselves the same question,
but the situation is complicated by the fact that here we
are dealing with several heated nuclei per event which
may themselves result from the break-up of some other
heavy, hot system. Here we will present some elements
which may help to find an answer.
Although the excitation energies of primary fragments
remain constant for incident energies ≥39 AMeV, the
detected fragment partitions continue to evolve, becom-
ing steeper with increasing bombarding energy (figure 1)
while the average charge of the largest fragment varies
from 25 at 32 AMeV to 15 at 50 AMeV (figure 2). This
suggests that with increasing energy, above 39AMeV, the
average number and temperature of primary fragments
produced in the reactions does not change, whereas their
average size decreases. Moreover, in order to conserve
the total mass of the system the number of light parti-
cles produced prior to secondary evaporation from frag-
ments must also increase with increasing energy. If in-
deed the mechanism for thermal energy deposition satu-
rates, then the energy not used in forming and heating
fragments has to be evacuated by some other means, for
example direct particle production. This would lead to
such an increase in non-evaporated particle multiplicity.
Some energy may also be locked up as kinetic energy of
fragments due to some kind of collective motion, either
isotropic (compression-expansion effects) or anisotropic
(incomplete stopping).
It should be recalled that the decrease of fragment ex-
cited state lifetimes with the excitation energy can limit
the mean excitation values obtained in this paper. How-
ever, simulations we have performed indicate that the
effect of shorter lifetimes on the efficiency of the method
is quite small for primary fragment excitation energies
up to 7.5 AMeV.
It is interesting to compare our results with a recent
compilation of limiting temperatures extracted from dif-
ferent experimental measurements [49]. It suggests that
Tlim decreases with increasing nuclear mass, in good
agreement with calculations [50, 51]. The primary frag-
ments considered in the present work (figure 10)have,
at the very most, masses A = 80, while most of them
have masses in the region A = 10–50. The correspond-
ing limiting temperature from [49] is Tlim = 9 MeV or
E∗/A = 7.5 AMeV. As these values are much higher than
the 3 AMeV maximum excitation energy we find in our
primary fragments, this would imply that the observed
saturation is due to reaction mechanism and not related
to Tlim.
However, in the same compilation limiting excitation
energies ≤ 3 AMeV are found for the heaviest nuclei with
masses in the A = 150–200 range. If we suppose that
fragments are produced by the break-up of some heavy
composite system formed in the reaction (as in SMM
calculations) then it is possible that the observed satura-
tion of primary fragment excitation energies is due to the
saturation of the excitation energy of the initial system,
which attains its (mass-dependent) Tlim.
VII. CONCLUSION
We have presented in this paper the experimental re-
sults of the intrinsic properties of the fragments produced
in the central collisions of Xe + Sn from 32 to 50 AMeV
bombarding energy. Quantitative experimental determi-
nation of the size and excitation energy of the primary
fragments produced at such collisions before their decay
are given for the four beam energies. The comparison of
these extracted quantities with models provides a crucial
test of some of their basic assumptions.
The experimental methods used in this work are based
on the relative velocity correlation functions between the
detected fragment and light charged particles. Thus we
have extracted the average multiplicity of the evaporated
particles and their average kinetic energies in the centre
of mass of the fragments. These two variables have been
used in order to reconstruct the average charge, mass and
excitation energy of the primary fragments.
Our results show that for a given beam energy, the ex-
citation energy per nucleon is almost constant over the
whole studied range of fragment charge. The statistical
multifragmentation model, SMM, reproduces very well
the internal excitation energy of the primary fragments.
The average value of this quantity increase from 2.3
AMeV for a beam energy 32 AMeV to saturate around
3 AMeV for 39 AMeV and above.
We also deduced the proportion of evaporated light
charged particles per event, amounting to 30% of the to-
tal measured LCP for the 32 AMeV reaction, increasing
to 35% at 39 AMeV and decreasing down to 23% for 50
AMeV. Therefore the majority of light charged particles
are not evaporated by excited primary fragments in these
reactions. Neither the absolute values of this proportion
nor its evolution are reproduced by SMM calculations as-
suming a constant size for the multifragmenting system.
The two last results may indicate either i) that the
system which disassembles into fragments is not able to
sustain more than 3 AMeV thermal excitation energy and
the excitation energy of the fragments reflects the tem-
perature limit of that system, or/and ii) that the mecha-
nism of dissipation of beam energy in to thermal energy
of hot nuclei saturates above ∼ 32AMeV, and the kinetic
energy in excess is evacuated via direct particle produc-
tion and collective motion of the fragments.
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